The objective of this study was to investigate the characteristics of adult Sitophilus zeamais and Tribolium castaneum, and the 21.1% dry base (d.b.) MC of rough rice by ATR-FTIR spectra, and determine the theoretical optimum infrared (IR) heating temperature of the tested samples. In laboratory experiments, a ceramic IR drying device was used to heat infested rough rice to research the mortality of Sitophilus zeamais and Tribolium castaneum, the drying characteristics of rough rice, and milling quality. The theoretical calculation optimum temperature of IR heating was 300 ˚C according to the results of FTIR spectra. In addition, the effects of the different IR radiation intensities and heated rough rice temperatures on mortality of insects, moisture removal, and milling quality were determined in this text. A high insect mortality, heating rate and corresponding high moisture removal were achieved by using IR heating. After heating, tempering process significantly increased insect mortality when the heated tempered rice temperature was less than 55 ˚C, and improve moisture removal and milling quality of rough rice during nature air cooling. When the rice heated under the IR radiation intensity of 2780 W/m 2 for 110 s, the rice temperature reached 60.2˚ ± 0.5˚C, 100% mortality of S. zeamais and T. castaneum, and 3.97 percentage points of moisture removal during the heating period after tempering and natural cooling. In addition, the high rice milling quality can be achieved after tempering treatment. Therefore, it can be concluded that the optimum conditions of simultaneous disinfestation and drying were 60 ˚C rice temperature under the IR radiation intensity of 2780 W/m 2 , followed by tempering and natural cooling.
Introduction
Rough rice is a major source of food for both human and animals as one of the three main grain varieties. During storage, infestations by stored grain pests may occur if the internal and external conditions are suitable (Lee et al., 2001) . It was estimated that 10-40% of worldwide annual production of grain (Mishra et al., 2013) and 27% of the milled rice was lost due to the infestation of pests (Alfonso-Rubí et al., 2003) . Various methods of pests control have been implemented to protect the rough rice, in which the chemical fumigation is the most widely used method for disinfestation (Ogendo et al., 2010) . However, the effect of chemical fumigation is becoming less effective due to the increase of resistance of insect pests. Chemical application may affect the environment and grain, which could potentially affect the health of human beings (Vadivambal, et al., 2010) . Therefore, it is urgent to research and develop alternative technology to chemical fumigation methods.
Infrared radiation (IR) is an efficient and safe physical process method, with wavelengths range from 0.75 to 100 μm. IR can be directly transferred to the material without medium, and converted into heat after the absorption of the electromagnetic wave. In the 1940s, gas-fired IR technology was firstly used for grain disinfestation. Frost et al. discovered that the mortality rate increased with the temperature rise of insect pests (Frost et al., 1944) . In the 1960s to 1980s, gas-fired IR method began to be investigated to kill different immature stages and adults of stored-grain pests (Cogburn 1967; Cogburn et al., 1971; Kirkpatrick and Tilton, 1972b; Tilton et al., 1983) . Tilton et al. (1963) exposed three species of insects commonly found in grain to IR and achieved 100% of mortality with the temperature of grain ranging from 65 ˚C to 70 ˚C. It was also reported that adult Rhyzopertha dominica was killed by IR at 57 ˚C (Kirkpatrick et al., 1972a) . The infrared generators in the above study had an open flame with temperatures exceeding 926 ˚C (Kirkpatrick and Cagle, 1978) . Such high temperatures are not suitable for grain processing because of potential safety hazard. In recent years, a sort of flameless catalytic infrared technology was developed for various drying applications, and these catalytic emitters generated temperatures of less than 500 ˚C. Khamis et al. (2010) treated Rhyzopertha dominica, Sitophilus oryzae and Tribolium castaneum by the flameless catalytic infrared, and proved that there was significant correlation between mortality and temperatures of the 3 pests according to logistic regression statistics. Pan et al. (2008) concluded that rough rice was heated to 60 ˚C followed by tempering and slow cooling can achieve simultaneous drying and disinfestation with high rice milling quality. However, the effects of different IR intensity on the mortality of insects and its theoretical mechanism of insect lethality were unclear. Therefore, the objectives of this research was to investigate the effect of IR on rice disinfestation and rice quality, and analyze the differences of rice and insect heating rate to reveal the relevant mechanism.
Materials and methods

Preparation of insect and rough rice samples
As one of the main cultivated japonica rice in Jiangsu province, freshly harvested No.5 Huaiyin japonica rough rice was selected for this study, which was obtained from Shibuqiao Grain Reserve Depot, Nanjing, Jiangsu province. The moisture content of rough rice was 21.1 ± 0.5% in dry basis (d.b.). All moisture content was determined by the standard air oven method at 130 ± 2 ˚C for 24 h (ASAE, 1995) in an electric dry oven (Model 101-3AS, Sujin Instrument Factory, Shang Hai, China) and was expressed as percentage in dry mass basis with triplicates.
Two major stored-grain insects, Tribolium castaneum and Sitophilus zeamais obtained from Chengdu Grain Storage Research Institute, Chengdu, Sichuan province, were used for the study. The T. castaneum samples were grown in laboratory on wheatmeal and yeast extract (Oxoid Lid, Wade Road, Basingstoke, Hants, UK) and maintained at 28 ± 2 ˚C and a relative humidity (RH) of 64 ± 3% (Kirkpatrick 1975) . The S. zeamais was maintained on organic whole wheat (Beidahuang Qinmin Organic Foods CO., LTD) in incubator at a temperature of 30 ± 2 ˚C and a RH of 70 ± 2%.
ATR-FTIR spectra of insects and rough rice
IR heating results in the vibration and rotation of atoms and molecules and leads to a rise in sample temperature. In order to research the IR absorption characteristics of insect and rough rice, the spectral information of live adults and rough rice were collected by attenuated total reflectanceFourier transform infrared spectroscopy (ATR-FTIR) (Tensor 27, Bruker Corporation, Germany). A single adult or rough rice kernel was placed at the center of the ATR ZnSe crystal (Pike, USA) using a pair of forceps. The background spectrum of the air was scanned before determination of the sample. Through ATR-FTIR application, the spectral region of sample ranged from 4000 to 600 cm
The number of scans was 64, and the resolution was 4 cm -1 . All reported data were means of triplicates. The results of samples exposed to ATR-FTIR spectra were calculated to evaluate the optimum radiation temperature during IR heating following Wien displacement law with equation (1).
Where T is blackbody temperature, K. λ max is the peak wavelength of blackbody radiation energy.
Infrared heating treatment
A laboratory-scale ceramic infrared drying device provided by Maybo Innovation (MB-EHR12/10KW, Zhen Jiang) was used to treat the rough rice and insect samples. The infrared drying device consists of an IR emitter, a circulating fan, a sample holder and a control panel. The IR emitter was the source of IR radiation (HTS, Elstein-Werk, Germany), and it had a surface temperature of about 630 ˚C and corresponding peak wavelength of 3.2 μm, assuming a blackbody. The sample holder was a steel reticulation of dimension 50 cm ×35 cm.
The samples, made up of a mixture of rough rice and insects were placed in a single layer on a tray with a loading rate of 2.08 kg/m 3 at a 20 cm distance under the IR emitter. The mixture samples were separately heated to 50, 55, 60 and 65 ˚C under different IR emitter temperatures (200, 300, 400 , and 500 ˚C), which corresponds to the IR radiation intensity of 2125, 2780, 3358 and 3974 W/m 2 . The temperature of IR emitter was controlled using the control panel. The radiation intensity of heated rice was measured with Ophir thermal excimer absorber head (FL205A, Ophir, Washington, USA) under the different temperature of IR emitter. The temperature of heated rice was measured by using a type-K thermocouple (RDXL4SD, OMEGA Engineering Inc. Stamford, USA), which can be monitored in real time by contact of the thermocouple to the rough rice. The experiments were implemented using rough rice samples and insects with a proportion of 50 insects/100 g rough rice (Yan et al., 2014) . The single layer of infested rough rice was uniformly distributed on the holder, insects were randomly distributed.
Long period of IR heating without tempering would affect milling quality of rough rice due to the high heating rate of rice (Ding et al., 2015a) . To improve the rice milling quality, treated rough rice was immediately transferred into sealed containers and placed in an incubator with the same temperature of heated rice for 4 hours (Khir et al., 2011) . The tempered and non-tempered samples were prepared for analyzing the influences of tempering on disinfestation and milling quality. After the tempering or no-tempering treatment, the samples were placed on a laboratory bench for 40 mins of natural cooling to room temperature of 23 ±1 ˚C.
Determination of temperature distribution of infested rough rice Water molecules are highly polar and easily absorb the radiation energy into heat. The moisture content of insects is much higher than that of rough rice, and results in the heating rate of insects higher than that of rough rice under IR treatment. In order to analyze the temperature distribution of rough rice and insects, a series of temperature monitoring experiments were conducted. Based on the theoretical calculation optimum temperature of IR heating was 300 ˚C. This is according to the results of FTIR spectra, and the spectra of adult S. zeamais and T. castaneum were similar. Thus, the adult T. castaneum samples were placed in the circular area uniformly in a thin layer (3 mm thick). The mixture of rough rice and adult T. castaneum were placed in single layer on tray at a 20 cm distance under IR emitter, and were separately heated under the IR emitter radiation intensity of 2780 W/m 2 for 160 s. After IR heating, the temperatures distribution photographs of heated rice and insects were captured by infrared thermal imager (TiX580, Fluke Corporation. USA). The image results could be analyzed and processed by its own software (FLUKE SmartView 3.7).
During the IR heating experiments, the insects number were much lower than rough rice and they tend to move to the bottom of rice layer, resulting in the temperature determination of insects difficultly. To determine the temperature distribution of insects by IR heating, the heated insects were concentrated in a circle area without rice samples, and the radius of the circle area was about 3 cm.
Assessment of mortality of Sitophilus zeamais and Tribolium castaneum
Treated rough rice samples were placed in jars and placed in incubator at 28 ˚C and 70% RH to allow development of any surviving S. zeamais and T. castaneum. Adult mortality was determined after 24 h. Mortality of eggs, larvae and pupae was based on the number of adults that emerged from those stages (Khamis et al., 2010) . The values were compared with adult emergence in untreated rough rice samples.
Determination of rice milling quality
Milling quality is is an important factor for the processing and sale of rice, the most important rice milling quality indices are total rice yield (TRY) and head rice yield (HRY). To evaluate the effects of IR heating treatment, the 400 g rice samples were dehulled and milled using Yamamoto Husker (FC-2K) and Yamamoto Rice Mill (VP-222N, Yamamoto Co. Ltd., Japan). The rice samples were milled three times to achieve well-milled rice as defined by the standard GB 1350-2009. The settings of throughput and whitening were 1 and 4 during the first two millings and 1 and 5 during the third milling process (Ding et al., 2015b; Pan et al., 2007) . TRY was the percentage of milled rice weight divided by the weight of untreated rough rice (GB/T 5495-2008). HRY was determined by GB/T 21719-2008. All reported data of milling quality indicators are means of triplicates.
Statistical analysis
Analysis of variance (ANOVA) was performed in a completely randomized design, data of the mortality of insects and rice milling quality were statistically analyzed with PASW 18 (IBM SPSS Statistics, Chicago, IL, USA) at a 95 % confidence level. One-way ANOVA with Duncan's multiple comparisons test were applied to compare the data among different radiation intensity and different exposed time. Significance was reported at p < 0.05 for all data.
Results and Discussion
Characteristics of the ATR spectra of insects and rough rice
The average ATR-FTIR spectra of adult S. zeamais, T. castaneum, and rough rice as shown in Fig. 1 . The spectra form of adult S. zeamais and T. castaneum were similar. There are two significant absorption region of adult S. zeamais and T. castaneum, that was mainly distributed in the wavenumber range of 3600-3000 and 1800-800 cm -1 . The rough rice has a similar significant absorption in the wavenumber range of 3600-3000 cm -1 . The spectrum of the rough rice also has a higher absorption in the wavenumber range of 1250-800 and 1700-600 cm -1 , which was different from the fingerprint region in 1800-800 cm -1 of the S. zeamais and T. castaneum. Since the insects consist of higher amount of proteins and lipids than rough rice that mainly absorb the IR with wavelength ranges from 5.71 to 10 μm (corresponding wavenumber were 1751 to 1000 cm -1 ) (Pan and Atungulu, 2011) . Therefore, the spectra of adult S. zeamais and T. castaneum could absorb higher IR within 1800-800 cm -1 .
The absorption peak around 3600-3000 cm -1 is related to vibration of O-H, with the relevant component of O-H being water and/or carbohydrates in the samples (Ionel 1992) . The maximum absorbance of adult S. zeamais and T. castaneum in this range was 0.23 and 0.16, which are higher than that of the rough rice (0.05). This is may be due to the higher MC of adult S. zeamais and T. castaneum than that of the rough rice. The corresponding temperature of the spectra region were range from 869 ˚C to 1043 ˚C according Wien displacement law, and this is too high for large-scale commercial processes.
The maximum IR absorbances of adult S. zeamais and T. castaneum were 0.2 and 0.3 at 1632 cm -1 , and were significantly higher than that of rough rice (0.15 at 1020 cm -1 ). Obviously, the IR absorption ability of insects is higher than that of rough rice. To improve the efficiency of IR drying and disinfestation, the strong absorption wavelength range should be applied during IR treatment. According Wien displacement law, the corresponding temperature of the wavenumber of 1800 cm -1 was 248 ˚C. As practical materials, the IR absorption rate of S. zeamais, T. castaneum and rough rice were less than that of blackbody. To facilitate the experiment operation and commercial process requirements, the IR radiation temperature of 300 ˚C should be more effective with low energy consumption. 
Mortality of insects
Mortality of Sitophilus zeamais
The mortality of egg, larvae, pupae, and adult stages of S. zeamais is given in table 1. The control mortality of the four stages of S. zeamais was zero. After the rice samples were heated to temperatures of 50, 55, 60 and 65 ˚C, the mortality of adult S. zeamais was 81±4.6, 98±3.5, 99±0.6 and 100% at the radiation intensity of 2125 W/m 2 with non-tempering treatment, respectively. The mortality of S. zeamais was positively correlated with the heated rice temperature, and above 96 % when the rough rice temperature exceeded 55 ˚C.
After the rough rice temperature heated to 50 ˚C, regardless of tempering, the four stages of S. zeamais were still living. The results revealed S. zeamais could not reach the complete death when the rough rice temperature heated to 50 ˚C in a short time (110 s). However, the mortality of adult S. zeamais at the radiation intensity of 2125, 2780, 3358 and 3974 W/m 2 was 81±2.6, 76±3.5, 73±3.5, and 93±3.1 % when the rough rice temperature of 50 ˚C without tempering, respectively. Only 7±3.1 % adult S. zeamais survived at the radiation intensity of 3974 W/m 2 without tempering treatment. Similar ascend trends of the mortality of four stages of S. zeamais were observed along with the increase of IR intensity at same heated rough rice temperature. The S. zeamais temperature rose faster at higher radiation intensity, and the temperature of S. zeamais increased rapidly in a short time, which could result in dramatic changes in S. zeamais. It was also shown that the mortality of adult S. zeamais was lower than that of other stages at the same experimental condition when the heated rice temperature was 50 ˚C without tempering treatment. For example, the mortality of S. zeamais egg, larvae, pupae, and adult stages was 87±4.6, 83±4.0, 81±4.5 and 76±3.5 % at the radiation intensity of 2780 W/m 2 and the heated rice temperature of 50 ˚C without tempering treatment, respectively. This might be due to the fact that the adults move to the lower temperature area when heated by IR.
The mortality of all life stages of S. zeamais was 100% when the rough rice was heated to 65 ˚C, regardless of tempering, and 55 ˚C with tempered rice that achieved 100% mortality. The results obtained agreed with reported results that the time to mortality of the insect was less than 40 s when they heated to temperature above 65 ˚C (Kirkpatrick and Tilton, 1972b) . In addition, the nontempered samples, especially at low rice temperature, had fewer insects survived than the samples with tempering. This could be because the lethal temperature of S. zeamais was about 56 ˚C (Schroeder and Tilton, 1961) , the lethal rate would significantly increase when S.zeamais for a long time (4h) at the rough rice temperature beyond 50 ˚C.
Mortality of Tribolium castaneum
The mortality of egg, larvae, pupae, and adult stages of T. castaneum is given in table 2. The control mortality for the four stages of T. castaneum was zero. There are many similarities to the results of S. zeamais mortality. For instance, the mortality of T. castaneum adult is the lowest among the four stages. In addition, at the 65 ˚C of the rice temperature, regardless of tempering, 100% mortality were found in all the samples under such treatment. Moreover, tempering treatment could effectively improve the mortality of insect. However, the mortality of egg, larvae, pupae, and adult stages of T. castaneum was 75±2.1, 73±2.6, 64±3.2 and 56±2.1 % at the rice temperature of 50 ˚C without tempering, respectively, which was lower than that of four stages of S. zeamais (by 87±4.6, 83±4.0, 81±4.5 and 76±3.5 %) at the same treatment conditions. The results were especially obvious when heated rice temperatures were 50 and 55 ˚C. This shows that T. castaneum has a stronger heat resistance than S. zeamais at these temperatures. In addition, 100% mortality was observed in all samples for the four stages of T. castaneum,at rice temperatures of 60˚C.
Based on these results, it can be concluded that insects tested can be effectively killed by using IR, especially with the tempering treatment. It is recommended that the rice temperature of IR heating be controlled at close to 60 ˚C, and followed tempering treatment, which could ensure that the mortality of S. zeamais and T. castaneum was 100%.
Temperature distribution of rough rice and insects
The rough rice sample temperatures changes during different heating durations under different radiation intensities were shown in Fig. 2 . It was proposed that the heated rice temperature of 60 ˚C was the suitable drying parameter of IR drying for rough rice (Ding et al., 2015b) . In this research, after 30 s of IR heating with intensity of 3974 W/m 2 , the temperature of the single layer of rice samples with MC of 21.1±0.5% achieved 60.5±1.8 ˚C. For the IR intensity of 2125, 2780 and 3358 W/m 2 , the rice temperatures increased to 10.7+23.2 ˚C, 20.5+23.2 ˚C and 39.0+32.2 ˚C after 60 s of heating, respectively. It was obvious that the IR heating could rapidly increase the rice temperature. Because IR is an electromagnetic wave with wavelength of 0.75 to 1000 μm (Carlomagno et al., 2002) . When the infrared electromagnetic wave acts on the rice surface, the electric, vibrational, and rotational states of atoms and molecules in rice will be changed accordingly, and the IR energy absorbed by rice will be transformed into thermal motion of molecules allowing rice to heat and evaporate the water for drying (Matsuoka 2011) .
Under the same loading capacity and thickness of rough rice, when the radiation intensity was 2125 W/m 2 , the temperature rough rice temperature rose to 60 ˚C after 260 s exposed time. In general, the rough rice temperature was linear with the exposed time, it means that the average heating rate of rough rice was 0.14 ˚C/s. Similarly, under the radiation intensity was 2780 and 3358 W/m 2 , the temperature rose to 60 ˚C after 110 s and 60 s exposed time, and the corresponding average heating rate of rough rice was 0.34 ˚C/s and 0.62 ˚C/s. The results revealed that the heating rate of rough rice and radiation intensity is positively correlated, and suggests that IR intensities may achieve a higher heating rate for rough rice. This is because that the higher energy could cause stronger vibration of molecules in rough rice, which leading to faster heating rate of rough rice. However, when the radiation intensity was 3974 W/m 2 , the temperature of rough rice was 72.3±1.3 ˚C after 40 s of heating, and the average heating rate of rough rice was 1.23 ˚C/s, the heating rate of rough rice was high and easily cause gelatinization and denaturation of rough rice starch and protein, even lead to the burning of heated rough rice. Therefore, in order to avoid the harm of high IR radiation intensity and improve heating efficiency for commercial drying processing of rough rice, the radiation intensity of 2780 and 3358 W/m 2 were more operable and reasonable among the four radiation intensities. Yes  100d  100e  100d  100c  55  No  100d  100e  100d  96±2.9c  60  Yes  100d  100e  100d  100c  60  No  100d  100e  100d  100c  65  Yes  100d  100e  100d  100c  65  No  100d  100e  100d  100c  3974  50  Yes  100d  100e  100d  100c  50  No  100d  100e  95±1.2f  93±3.1a  55  Yes  100d  100e  100d  100c  55  No  100d  100e  100d  98±2.6c  60  Yes  100d  100e  100d  100c  60  No  100d  100e  100d  100c  65  Yes  100d  100e  100d  100c  65  No  100d  100e  100d  100c Table 2 Mortality of life stages (egg, larvae, pupae, adult) of T. castaneum expose to IR radiation intensity of 2125, 2780, 3358 and 3974 W/m 2 with or without tempering.
Data (mean ± SD) in each column with different letters have significant differences (p<0.05). Yes  100f  100h  100d  100g  60  No  100f  100h  100d  100g  65  Yes  100f  100h  100d  100g  65  No  100f  100h  100d  100g Thermal and visual images of infested rough rice heated for 160 s under IR radiation intensity of 2780 W/m2 were shown in Fig. 3a and Fig. 3b . In thermal image of infested rough rice, the red part indicated that the temperature was high, and the temperature range from 50 ˚C to 80 ˚C. The adult T. castaneum temperature was 74.3±2.4 ˚C while the rice temperature was only 71.6±3.6 ˚C. Based on the analysis of FTIR results, when the IR radiation intensity was 2780W/m 2 , the maximum IR absorbance of adult T. castaneum was 0.3 at 1632 cm -1
, and was higher than that of rough rice (0.15 at 1020 cm -1 ). Obviously, the IR absorption ability of adult T. castaneum was higher than that of rough rice. In addition, the temperature of rough rice heated using IR was uniform in Fig. 3a . The results also confirmed the previous finding that the uniformity of IR heating was higher than that of microwave heating (Kirkpatrick et al., 1972) .
Moisture removal
The MC of rice samples during IR heating after tempering and non-tempering with different radiation intensities were shown in Fig. 4 . The MC of the rough rice that heated to 50 ˚C under 3358 W/m 2 had decreased 1.1 percentage point, which was the least moisture removal (MR) samples of all. Even though, IR heating could effectively remove the moisture in rough rice. The reason for high drying efficiency of IR was that the moisture molecules in rough rice could absorb IR easily and transfer the electromagnetic energy into intermolecular friction, which may lead to the temperature rising and moisture evaporation. Ding et al. (2015b) reported that the drying rate of studied IR heating process for rough rice was 21 and 186 times of that of hot air drying and ambient air drying, respectively.
For the rice samples dried to the same temperature under IR heating, higher moisture removal was usually achieved by those dried with lower IR intensity, which may due to the low energy efficiency of process under high IR intensity. The MR of rice was strongly positively correlated with heated rice temperature. Under the radiation intensity of 2125 W/m 2 , the MC of non-tempering samples varies 19.3% to 15.6% in the tested temperatures range from 50 ˚C to 65 ˚C. The higher rice temperature means that the more IR energy were absorbed, which could result in the molecule friction and moisture evaporation of rough rice.
It was also found that the MR after tempering treatment was higher than that without tempering. For instance, when the rice was heated to 60 ˚C, the MR of rice after tempering was 1.2, 1.2, 1.3, and 1.5 percentage points lower that the heated rice after non-tempering, which showed that tempering treatment significantly improved the MR during cooling. The tempering process could reduce the moisture gradient in rice kernels and allow the moisture to distribute uniformly before natural cooling. For the heated rice without tempering treatment, there was a significant moisture gradient in the rough rice kernels and low MC near the rice surface, which led to less moisture removal during cooling. Therefore, tempering process is an essential step to increase the moisture removal during cooling, especially when the rice was heated to a high temperature. The results were similar to those reported by other researchers (Aquerreta et al., 2007; Dong et al., 2010; Pan et al., 2008) .
Rice milling quality
The TRYs of infrared dried rough rice were shown in Fig. 5a . Compared with the untreated rough rice, the infrared drying without tempering have negative effects on the milling quality of rough rice. In contrast, the TRYs of tempered rice by using IR were higher than that of non-tempered rice. For instance, when the radiation intensity of 2780 W/m 2 , the TRYs of rice dried by IR heating followed with tempering treatment were 2.6 percentage points higher than the untreated rough rice when the rough rice heated to 60 ˚C. The TRYs of the rough rice heated to 60 ˚C under IR intensity of 2125, 2780, 3358 and 3974 W/m 2 with tempering were 69.4±0.5%, 70.2±0.7%, 69.5±0.6% and 68.6±0.9%, which were higher than other groups of rough rice that heated to 50, 55 and 65 ˚C. However, the rice samples treated under 3974 W/m 2 with tempering had lower TRYs than the other rice samples heated to 50, 55 and 65 ˚C with tempering, which revealed that the high radiation intensity would decrease the TRY of rough rice. Similar results were also found for the HRYs in Fig. 5b . The rough rice heated using IR with nontempering had significantly lower HRYs than the untreated rough rice. For example, the HRYs of non-tempered rice that heated to 65 ˚C were 6.2 to 7.4 percentage points less than the untreated rice. However, the HRYs of the rice heated using IR with tempering were higher than untreated rice except for the rice sample dried under the IR intensity of 3974 W/m 2 . The maximum HRY was 66.2±0.4% that was heated to 60 ˚C under the intensity of 2780 W/m 2 with tempering.
Based on the milling quality results, the highest milling quality was achieved by IR heating to 60 ˚C followed with tempering and natural cooling. Conssen (2002) reported that the glass state in rice may transfer into a rubbery state at 60 ˚C, and may result in a large amount of moisture removal and well maintaining of milling quality. Since the IR could penetrate the single layer of rough rice, the internal moisture in rice kernels could uniformly absorb IR as the moisture distributed close to the surface. Therefore, the temperature and moisture gradient were kept in same direction (from inside to outside) which could reduce the moisture gradient increase between internal to surface in rice kernels, and contribute to the good rice milling quality. In addition, tempering treatment plays an essential role for maintaining the rice milling quality. During cooling process, based on the glass transition hypothesis, the surface temperature and moisture of rice changed first and starch reached glass state during cooling. However, the center temperature and moisture in the rice kernel were still in rubbery state. Due to the different stage of starch in the rice kernel, stress and fissure were generated that resulting in low TRY and HRY. Therefore, tempering process is important for rough rice IR drying that could maintain the uniformity of temperature and moisture in the rice kernel and preserve the quality effectively.
Conclusions
IR heating was used as an alternative disinfestation method of S. zeamais and T. castaneum in rough rice. The theoretical calculation optimum temperature of IR heating was 300 ˚C according to the results of FTIR spectra, which corresponding to the IR intensity of 2780 W/m 2 . After the IR radiation intensity of 2780 W/m 2 for 110 s with tempering, the mortality of S. zeamais and T. castaneum achieved 100 % while the rice temperature reached 60.2˚ ± 0.5 ˚C. Besides, 3.97 percentage points of moisture were removed and rice milling quality were well maintained. When the rough rice was heated to 65 ˚C, the insects could be completely killed regardless of tempering in all samples. Although the higher mortality of insect could be achieved with the increase of heated rice temperature, the higher IR heating intensity and long exposure time might reduce the rice milling quality. Therefore, the tempering treatment after IR heating is important to achieve high insect mortality and moisture removal with good rice milling quality. It can be concluded that the rough rice heated under IR of 2780 W/m 2 to 60 ˚C with tempering and cooling is a feasible processing method for rough rice disinfestation and drying.
Introduction
Cereals are produced throughout the world as nutrition for both humans and livestock. These commodities generally require storage for at least a short time and need to be protected against
